A two-stage biofilm-membrane bioreactor (MBR) was developed in this study. High total nitrogen removal (maximum: 81.4% with recycle ratio ¼ 3.5) was observed by recycling the suspension liquid between an anaerobic FBBR and an aerobic MBBR. Very low (less than 60 mg/L) suspended solids was kept in the membrane unit, which could improve the membrane filtration performance.
INTRODUCTION
Currently, there is an increasing interest in applying membrane bioreactor (MBR) systems for advanced wastewater treatment, for both municipal and industrial wastewater. MBR technology offers the potential of developing efficient decentralized solutions for urban development, and further enables local reuse and recycling of treated wastewater for a more efficient management of urban water resources.
Coupling biofilm reactors with membrane separation processes as biofilm membrane bioreactors (BF-MBR) is an interesting development as an alternative technology to activated sludge membrane bioreactors (AS-MBR). Biofilm technology for wastewater treatment can provide substantially lower suspended solid (SS) environments for membrane filtration compared with traditional activated sludge processes. Potential benefits are: reduced energy consumption for aeration systems (i.e. no viscosity/masstransfer challenges), fewer membrane clogging problems, lower fouling potentials, ease of membrane cleaning, and new membrane module designs (i.e. higher membrane packing densities). BF-MBR has been successfully investigated and applied in domestic wastewater treatment (Ivanovic et al. ; Ivanovic & Leiknes ; Ivanovic & Leiknes ; Phattaranawik & Leiknes ) and for shipboard wastewater treatment with high oil concentrations and salinity conditions (Sun et al. a, b, c) . However, there are only a few reports that discuss nutrient removal (i.e. total nitrogen (TN), total phosphorus) in the biofilm-MBR process (Ivanovic & Leiknes ; Phattaranawik & Leiknes ) . This study was aimed to develop a twostage biofilm-MBR, combined pre-denitrification/ nitrification biofilm system for nitrogen removal and enhanced membrane filtration performance.
MATERIALS AND METHOD

Process configuration
The two-stage biofilm-MBR pilot plant used in this study is illustrated in Figure 1 , consisting of an anaerobic fixed bed biofilm reactor (FBBR) and an aerobic moving bed biofilm reactor (MBBR). Kaldnes K1 biofilm media/carriers (from Kaldnes AS, Norway) were used in both the FBBR and MBBR reactors, where a biofilm is established on the surface of the carriers. Carriers in the FBBR were fixed and functioned as a stationary biofilter, while the carriers in the MBBR could move freely in the reactor. A membrane filtration unit (specifications shown in Table 1 ), was installed inside the aerobic MBBR tank, consisting of a KMS Puron fiber module with a free top-ended configuration. The membrane filtration was operated in a continuous mode without applying relaxation and backwash techniques. The influent wastewater was pumped through the anaerobic FBBR, and then fed into the aerobic MBBR. A recycle loop connecting the FBBR and MBBR reactors returned the liquid suspension back to the anaerobic FBBR for denitrification. Characteristics and operating conditions of the two-stage biofilm system are listed in Table 2 .
Testing wastewater quality
The experiments were conducted using real wastewater from a municipal sewage pipe system in Trondheim Norway, with average total COD about 1,000 mg/L. In this study, three organic loads were investigated; the influent feeds for low organic load and medium organic load were prepared by diluting the raw wastewater with tap water. The average influent qualities together with the maximum and minimum values in the period of the experiments are given in Table 3 .
Analysis methods
All analyses were performed according to Norwegian national or international standards, summarized in Table 4 . Membrane performance was evaluated by assessing changes in permeability over time during operation, in which the decrease measured is caused by membrane fouling. A constant flux mode of operation was chosen in which the change in permeability can be expressed as a change in the trans-membrane pressure (TMP). Results are presented showing overall TMP development with time, and subsequent fouling rates. The development of TMP was measured continuously using an online pressure transducer connected to a data acquisition system from National Instruments, in combination with the LabView data acquisition and analysis software. Recycle ratio (R) 0 -3.5 
RESULTS AND DISCUSSION
Permeate quality
Three influent organic loads were investigated in the experiment, defined as low, medium and high (Table 3 ). The average total COD removal for all conditions tested was 93.7%. The ammonia concentration in the permeate for all conditions was always less than 2 mg/L. The permeate water quality measured from the membrane filtration unit for all conditions tested is listed in Table 5 . Results show that a very stable and good permeate quality was monitored from the two-stage biofilm-MBR for domestic wastewater treatment for all conditions in this study. The water quality achieved complies with regulations for non-potable water reuse, such as toilet flushing, car washing, gardening, etc.
TN removal
For domestic wastewater treatment, TN removal is an important step to achieve nutrient removal thereby preventing possible eutrophication in water bodies where the treated wastewater is discharged. The TN removal obtained in this study as a function of the recycling ratio applied is shown in Figure 2 .
The main purpose of combining the FBBR and MBBR reactors is to attain TN removal for the proposed biofilm-MBR process. The advantage of using a pre-denitrification process is that the original carbon source in the influent can be used for denitrification, thereby avoiding the need for an additional carbon source. Total Kjeldahl Nitrogen (TKN) is oxidized to nitrate/nitrite in the aerobic MBBR, which is then further converted to nitrogen gas when the liquid suspension is recycled back to the anoxic FBBR reactor. The BOD 5 /TN ratio in the feed wastewater was higher than 5, which fulfills the requirement of enough carbon sources for denitrification in the system. The denitrification efficiency therefore strongly depends on the recycle ratio (R), which is defined as the ratio between the suspension liquor recycle flow rate and the influent wastewater flow rate. On the conditions of no organic substrate limitation in the FBBR, the TN removal in the pre-denitrification process can be estimated by Equation (1) (Water Environment Federation and American Society of Civil Engineers/ Environmental and Water Resources Institute, ).
(1) Figure 2 shows the relation found between TN removal and recycle ratio (R) in the experiments conducted in this study. Overall, the TN removal values measured fit well with the theoretical calculation (Equation (1)). However, a When recycle ratio was between 3 and 3.5.
for some of the sampling points, the TN removals measured were slightly higher than the predicted theoretical values (Figure 2 ). This finding suggests that the biofilm system has a certain denitrification capacity in the aerobic MBBR stage. When the biofilm formed reaches a certain thickness, the oxygen transfer into the biofilm is less efficient. This results in anoxic environments forming inside the porous structure of a thick biofilm, where denitrification can take place (Gupta et Figure 2 . Overall, the results indicate that an excellent nitrification and denitrification is achieved in the two-stage biofilm-MBR process proposed in this study for all the inlet organic loads tested.
Membrane performance
Recycle ratio and membrane fouling
In order to investigate the effect of the recycle ratio on membrane fouling, four short runs (5 days' membrane filtration per run) with the low organic load and a filtration flux 13.2 L/m 2 h were tested. Figure 3 shows the relationship between the membrane fouling rates measured for chosen recycle ratios. When the system was operated with a low or no recycle ratio (i.e. R ¼ 1 or 0), the membrane fouling rate measured was about twice that observed with the higher recycle ratios (i.e. R ¼ 2 or 3). By recycling the liquid suspension in the two-stage system investigated, much of the particulate matter is captured and retained in the FBBR (Figure 4 ). An increase in the recycle ratio promotes flocculation effects as well as the potential of particles attaching and absorbing into the biofilm media in the FBBR. A marked decrease in SS concentration was observed with the higher recycle ratio (i.e. R ¼ 2 or 3) as seen in Figure 4 . For R ¼ 0, the SS concentration in the membrane feed solution was around 125 mg/L, decreasing to 55 mg/L for R ¼ 1, and was less than 25 mg/L when R 2. The SS concentration in the membrane feed stream in biofilm-MBR systems is typically reported to be around 200 mg/L (Leiknes et al. ; Leiknes & Ødegaard ; Ivanovic & Leiknes ). The two-stage process investigated in this study with a recycling loop to achieve pre-denitrification was observed to dramatically reduce the SS concentration in the process which furthermore improved/enhanced the membrane filtration performance. Under these conditions the impact of sludging or clogging of the membrane module is reduced, and there is a potential for less energy requirement for air scouring, and in general a lesser degree of membrane fouling was observed.
Another benefit of the proposed two-stage process combining a FBBR with a MBBR is that the larger particles in the feed wastewater can be captured in the FBBR, which ultimately functions as a primary treatment to the membrane filtration unit. Sedimentation sludge in the FBBR was observed, in which the excess sludge was removed from the bottom of FBBR tank frequently. This pretreatment and removal of particulate organic matter can also be designed to reduce the organic load to the second-stage MBBR, thereby improving the biodegradation efficiency in the aerobic phase. The FCOD in the MBBR was observed to decrease by 43% when the recycle ratio was increased from 0 to 2 (Figure 4) . FCOD values are considered to be a main fouling indicator in a biofilm-MBR process. In previous studies higher FCOD values are reported to always correlate with higher membrane fouling rates (Sun et al. b, c) . In this study, the results show that the fouling potential decreased when the recycle ratio was increased from 0 to 2, however, this did not change much when increased to 3. Similar FCOD values were measured for R ¼ 2 and 3.
In this two-stage process, a high particulate load on the FBBR may cause clogging of the filter bed, which may also be a challenge when increasing the recycling ratio of the liquid suspension from the MBBR/membrane filtration unit. Constructing the FBBR used in this study with the same biofilm carriers applied in the MBBR helped prevent clogging of the FBBR as the media has a large porosity. However, a daily sludge removal from the bottom of the FBBR stage was necessary, with cleaning and maintenance procedures being carried out once per week. A recycle ratio of more than 4 was also tested. The resulting flow rate to the FBBR became too high under these conditions, generating high shear forces which dislodged the biomass attached on the fixed biofilm carriers, causing a large amount of particulate matter to be washed out from the FBBR. Consequently, a much deteriorated system performance was observed with significant membrane fouling rates (results not shown).
Organic load and membrane fouling
The influence of organic loads was also investigated in the study. In order to maintain sustainable operation for all trials, a flux of 8.8 L/m 2 h with a recycle ratio between 3 and 3.5 was selected for the three different organic loads tested (Table 3) . Figure 5 shows the TMP profiles of the three different organic load tests. It is quite apparent that the higher influent organic load resulted in a higher membrane fouling rate. The membrane achieved long term operation during low organic load and medium organic load tests. During the high organic load test, membrane filtration had to be stopped for chemical cleaning when the TMP reached 0.3 bar on the fourth day, set as the maximum pressure of operation. In conventional MBR systems, physical cleaning strategies such as relaxation, backwash, and back pulse are typically applied and would be necessary to extend membrane filtration time (before chemical cleaning) when treating high organic load influent wastewater with the process configuration investigated in this study.
The results indicate that the membrane fouling rate is strongly related to the FCOD value of the membrane feed solution, as seen in the different organic load tests. shows that the FCOD value increased as the organic load was increased, with a corresponding increase in fouling rate observed. The SS concentration also rose with increasing organic load, as shown in Figure 7 , however, the SS was always below 60 mg/L even under the high organic load condition. In previous studies, no good correlation has been reported on fouling rates as a function of SS concentration, particularly when operating at very low SS concentrations, as is the case in this study.
CONCLUSIONS
A two-stage biofilm-MBR was investigated in this study. High TN (maximum: 81.4%, R¼3.5) removal was obtained in a predenitrification mode of operation by recycling the liquid suspension between an anoxic FBBR and an aerobic MBBR stage. Very low SS conditions were observed in the membrane filtration unit (less than 60 mg/L) for all conditions tested. Membrane filtration performance was improved by increasing the recycle ratio. When influent organic load increased, the membrane fouling rate also increased, coupled with higher FCOD and SS values in the suspension liquid. FCOD representing soluble/colloidal organic matter in the suspension liquid around the membrane surface is considered one of the main foulants in biofilm-MBR processes. In addition to designing a process for efficient TN removal and enhanced membrane filtration performance through reduced fouling, the energy requirement for the two-stage process proposed is a factor that needs to be considered. In particular, the recycle ratio needs to be selected to minimize the need for recirculation pumping and operational constraints due to this need. Based on the preliminary results found in this study, a recycle ratio of 3 is proposed as the design criteria for the two-stage pre-denitrification biofilm-MBR treatment configuration used in this study. Further studies and full-scale pilot plant operation over a longer period of time are required to confirm or optimize this recommendation.
